After acid-treatment of spinach (Spincia okra) chloroplasts, various partial electron transport reactions are inactivated from 25 to 75%.
Ions are involved in many functions in chloroplasts, including energy distribution between the two photosystems (2, 3), grana stacking (11) , and surface charge distribution (3) . It is known that extremes of pH inactivate chloroplast electron transport. Hinkson and Vernon (10) showed in 1959 that incubation of chloroplasts at pH 5.5 destroyed Hill activity with indigo carmine as the electron acceptor. Katoh and San Pietro (14) showed complete inhibition ofelectron transport in Euglena chloroplasts at acidic pH. We in this study have developed an acid treatment of spinach chloroplasts, which destroys from 25 to 75% electron transport activity. We also show a partial restoration of activity with various ions.
MATERIALS AND METHODS
Chloroplasts were prepared from market spinach in unbuffered 0.4 M sucrose and 0.05 M NaCl (SN chloroplasts) as previously described (4 given in figure legends. The reaction rates were recorded with a Sargent-Welch SRG recorder. Chl was determined according to Arnon (1) .
The acid treatment of chloroplasts consisted of lowering the pH of the chloroplast suspension to 3.8 to 4.0. To chloroplasts containing 5 mg Chl, suspended in distilled H20 or in SN in a 50-ml centrifuge tube, 7.5 !d ofglacial acetic acid was added with stirring. After incubation for 20 min at 4°C, the treated chloroplasts were washed with 40 ml SN and centrifuged at 1,200g for 10 min. The chloroplast pellet was resuspended in SN solution to give 1 mg Chl/ml and used for assays. Alternatively, when Izawa-type (16) chloroplasts were used for acid treatment, the suspension medium during treatment and during recentrifugation was 0.2 M sucrose, 5 mM Hepes-NaOH buffer (pH 7.5), and 2 mm MgCl2 leaving out 0.05% BSA. Constant conditions during the acid treatment produced from 25 to 75% inhibition of electron transport activities, depending on the differences in commercially available spinach.
Trypsin treatment ofchloroplasts consisted ofincubating chloroplasts (5 mg Chl) in 5 ml SN or the Izawa-type suspension medium with 2 mg trypsin (Sigma, type III from bovine pancreas) per mg Chl at 4°C for 30 min without stirring. The action of trypsin was stopped by the addition of an excess of trypsin inhibitor (Sigma, type I-S from soybeans) and washing with 40 ml suspension medium minus BSA by centrifugation at 2,000g for 5 min.
The chloroplast carboxyl group modification consisted of incubating acid-treated chloroplasts (equivalent to 5 mg Chl, suspended in SN) with 100 gM NBD-aziridine2 for 20 min. After the treatment, chloroplasts were washed with 50 ml SN solution and centrifuged as described for acid-treated chloroplasts. For a control on carboxyl group modification, an equivalent amount of chloroplasts was treated with 0.1 ml ethanol/ml without the NBD-aziridine. Following incubation, the ethanol-treated chloroplasts were washed with SN and centrifuged as described above.
Tris treatment ofchloroplasts was according to Yamashita and Butler ( 19) .
The aziridine was obtained from Molecular Probes, Inc. SDS-polyacrylamide gel electrophoresis was performed according to the procedure of Laszlo et al. (13) , except 15% polyacrylamide gels were used in place of gradient gels. Chloroplast proteins were delipidated by washing with 80% and 100% acetone, followed by a 1 min centrifugation in a Fisher model microfuge. These proteins were solubilized as previously described (13) . Electrophoresis was performed for 12 0) (Fig. 1) . However, the inactivation is not at the level of water oxidation, as is commonly assumed, because acetic acid inactivates a site on the DPC --DCIP pathway in acid-treated chloroplasts, with restoration of activity given by various divalent cations (Table I; Fig. 2 , A and B). In Table I and Figure 2A , the control electron transport rates are based on Tris-treated chloroplasts. In Tris-treated control chloroplasts, the four different ions tested, Mg2+, Sr", Ca2", and Ba2" in Figure 2A show only slight inhibitions or stimulations (<40%), but Co2", Ni2", and Zn2+ (Table I) show inhibitions from 41 to 100%. In acid-treated chloroplasts (Fig. 2B) , on the other hand, electron transport was stimulated from 40 to 120% by Mg2+, Sr`, and Ca2+, but not by Ba2+. The heavy metal ions (Table I) Table II shows, acid-treated chloroplasts respond to light intensity. Ca2" ions stimulate the electron transport rate in acid-treated chloroplasts, while the control rates are inhibited up to 50%. The stimulation is seen at both high and low light intensity.
It is also known that in 'low salt' media chloroplasts are less stacked (3), although recently Forti and associates (7, 11, 12) have shown spontaneous grana stack formation in chloroplast membranes deprived of ions at pH below 5.4. Figure 3A shows that the DCMU-insensitive silicomolybdate reduction at pH 6 is inhibited by various divalent cations in concentrations from 10 to 50 mM; however, in acid-treated chloroplasts, Mg2+, Sr2+, Ca2+, and Ba2+ ions stimulate activity from 100 to 250% over the acid-treated rate (Fig. 3B ). Similar differences are seen on the DBMIB-insensitive DMBQ pathway in PSII (Fig. 4, A and B) , although here the restoration pattern by divalent cations is different. The order of effectiveness in restoring activity in acidtreated chloroplasts in this case is Ca2+ > Sr2+ > Mg2+ (Fig. 4B) .
These data provide evidence that specificity for divalent cations is different on the DCMU-insensitive silicomolybdate and the dibromothymoquinone-insensitive 2,5-dimethylbenzoquinone pathways. The Ca2+-selective site may be particularly important in view of its inhibition by phenothiazines as shown by Barr et al. (5) .
If Ca2+ and other divalent cations are held to chloroplast membrane proteins by carboxyl groups on glutamic or aspartic acid residues, which are protonated by the low pH treatment, then modification of these groups with NBD-aziridine should hinder the restoration of activity by divalent cations in acidtreated chloroplasts. Table III shows that there are differences Ion Added (mM) FIG. 3 . The effect of various divalent cations on the DCMU-insensitive silicomolybdate reduction in PSII. The control reaction rate (A) was 392 teq OJmg Chl-h, the acid-treated rate (B) was 10 . The reaction components were as in Figure I for the pH 6 reaction. between the two partial reactions tested. The DCMU-insensitive silicomolybdate reduction at pH 6 shows no effect from the NBD-aziridine treatment, whereas the effect on restoration of activity of the DBMIB-insensitive DMBQ reduction is dramatic, did not prevent the partial restoration of activity on the DBMIBinsensitive DMBQ pathway (Table IV) like the NBD-aziridine treatment (Table III) . These Figure 5 .
